Abstract Heightened neural responsiveness of alcoholics to alcohol cues and social emotion may impede sobriety. To test mesocorticolimbic network responsivity, 10 (8 men) alcohol use disorder (AUD) patients sober for 3 weeks to 10 months and 11 (8 men) controls underwent fMRI whilst viewing pictures of alcohol and non-alcohol beverages and of emotional faces (happy, sad, angry). AUD and controls showed similarities in mesocorticolimbic activity: both groups activated fusiform for emotional faces and hippocampal and pallidum regions during alcohol picture processing. In AUD, less fusiform activity to emotional faces and more pallidum activity to alcohol pictures were associated with longer sobriety. Using graph theory-based network efficiency measures to specify the role of the mesocorticolimbic network nodes for emotion and reward in sober AUD revealed that the left hippocampus was less efficiently connected with the other task-activated network regions in AUD than controls when viewing emotional faces, while the pallidum was more efficiently connected when viewing alcohol beverages. Together our findings identified lower occipito-temporal sensitivity to emotional faces and enhanced striatal sensitivity to alcohol stimuli in AUD than controls. Considering the role of the striatum in encoding reward, its activation enhancement with longer sobriety may reflect adaptive neural changes in the first year of drinking cessation and mesocorticolimbic system vulnerability for encoding emotional salience and reward potentially affecting executive control ability and relapse propensity during abstinence.
Introduction
Emotional information is present in every social interaction, and such skill fosters interpersonal bonds promoting wellbeing (Carton et al. 1999) . Faces expressing emotion are motivationally salient stimuli and automatically capture attention (Smith et al. 2013) . Deficits in processing facial emotion occur in alcohol use disorder (AUD) (Maurage et al. 2008) and are detectable to varying degrees over different lengths of sobriety (Foisy et al. 2007 ; Montagne et al. 2006; Townshend and Duka 2003) . These deficits are valence independent, in that they can be found for negative and positive emotions (Maurage et al. 2011) . Noteworthy, facial emotion processing deficits in AUD are independent of general cognitive impairment and endure even when cognitive ability is statistically controlled (Foisy et al. 2007; Maurage et al. 2008) .
Affective flattening and lack of emotional responses towards socially rewarding stimuli occur in AUD (Schmidt et al. 2001) . By contrast, with repeated alcohol use, alcoholElectronic supplementary material The online version of this article (doi:10.1007/s11682-015-9374-8) contains supplementary material, which is available to authorized users. * T. Schulte til@stanford.edu related cues gain emotional relevance through their associations with the psychotropic rewarding effects of alcohol ingestion (Houben and Wiers 2006) . Alcohol-related stimuli can then act as predictors of reward and as incentive stimuli motivating and controlling behavior (Flagel et al. 2011) . Indeed, even in the absence of a significant pharmacological effect, conditioned cues can elicit striatal dopamine release in humans (beer flavor cues: Oberlin et al. 2013 ) and dopaminergic striatal activity (alcohol picture cue: Grüsser et al. 2004; Heinz et al. 2004; Vollstädt-Klein et al. 2010) . In heavy drinkers, enhanced attentional biases toward conditioned alcohol cues have been linked to alcohol craving and alcohol seeking behavior (Dickter et al. 2013) . Further, the attentional and cognitive mechanisms engaged by alcohol-related cues and facial emotion processing appear to differ between AUD and controls (Marinkovic et al. 2009; Maurage et al. 2011; Noel et al. 2007) . Specifically, AUD patients exert deficits in disengaging attention from alcohol cues (Noel et al. 2007 ) and have difficulties to differentiate emotional facial expressions (Clark et al. 2007; Foisy et al. 2007; Philippot et al. 1999; Townshend and Duka 2003) .
At the functional level, activation of a mesocorticolimbic pathway has been implicated in emotional processing promoting alcohol-seeking behavior (Vollstädt-Klein et al. 2012) , and this pathway was found to be suppressed in alcoholic patients when viewing aversive emotional stimuli (Charlet et al. 2013) . A recent fMRI study showed that while viewing faces expressing fear, patients and controls activated the OFC, anterior cingulate cortex (ACC), and insula; however, attenuated OFC activation was observed in AUD patients with history of multiple relapses, together with poorer performance at recognizing ambiguous fearful expressions compared with controls (O'Daly et al. 2012 ). This pattern is consistent with reports of blunted temporo-limbic responses to emotional faces and lack of specificity in the neural response to emotional in contrast to neutral faces in AUD patients (Gilman et al. 2012; Marinkovic et al. 2009 ).
The mesocorticolimbic pathway underlying emotional processing overlaps with the corticostriatal pathways for reward processing implicated in addictive behaviors (Volman et al. 2013) . Nodes of the mesocorticolimbic and reward system process salience through dynamic interactions among them. For example, during alcohol cue viewing, AUD, relative to controls, exhibited decreased functional connectivity between dorsal and ventral striatal and posterior brain regions (Lee et al. 2013) . By contrast, during emotional face processing, reduced functional connectivity between the amygdala and the orbitofrontal cortex was observed in social drinkers following acute ingestion of alcohol relative to placebo (Gorka et al. 2013) , and also between the insula and PFC, and between amygdala and pallidum in AUD relative to controls (O'Daly et al. 2012) . Taken together, these findings imply low emotionally-driven behavior together with enhanced alcohol-driven behavior in AUD. Specifically, it has been proposed that compromised interactions within the mesocorticolimbic system can result in dampening salience of emotional stimuli and diminished perception of affective signals (Marinkovic et al. 2009; O'Daly et al. 2012) . The decoupling of mesocorticolimbic structures when processing emotional faces appears greater in those with multiple rather than single detoxifications (O'Daly et al. 2012) , again implicating an effect of illness chronicity on brain function.
Accordingly, the duration of chronic alcohol consumption and abstinence may affect dynamic brain network adaptations. Cognitive status of AUD patients generally improves with longer sobriety (Rather and Sherman 1989; Rosenbloom et al. 2004; Starcke et al. 2013) . Moreover, abstinent AUD with longer sobriety are likely to remain abstinent, because extended sobriety (>1 year) has been linked to reduced alcohol expectations toward the reinforcing effects of alcohol and propensity to relapse (Brown 1985; Rather and Sherman 1989) . However, it remains unclear how functional brain networks in AUD respond to both alcohol cues and emotional facial expressions in early abstinence (<1 year).
The present research aimed to test whether AUD patients differ from social drinking controls in their neural response to viewing emotional faces and alcohol-related visual cues, and how the hemodynamic response to these stimuli is affected by sobriety length. We hypothesized that both groups would engage mesocorticolimbic brain regions during emotional face and alcohol picture processing. In addition, we expected to observe greater mesolimbic activation to alcohol-related stimuli based on the assumption that alcohol stimuli gain affective salience in alcoholism and less activation to emotional faces in AUD than controls (e.g., Lee et al. 2013; O'Daly et al. 2012; Yang et al. 2013 ). At the brain network level, we hypothesized that relative to controls, AUD would exhibit greater mesocorticolimbic network efficiency when processing alcohol pictures, but diminished network efficiency when processing emotional faces, reflecting increased emotional salience for alcohol-related cues associated with a dampened response to social-emotional stimuli in AUD patients. Lastly, we expected that mesocorticolimbic activation during alcohol picture processing in AUD would relate to length of sobriety and craving intensity.
Methods and materials
Participants Groups comprised 10 abstinent AUD participants and 11 age-matched controls (CTL) ( Table 1) . AUDs were recruited from local rehabilitation programs; CTL were volunteers from the local community. All subjects were screened with the Structural Clinical Interview for DSM-IV (American Psychiatric Association, 1994) and a clinical examination to rule out other Axis I diagnoses. In the alcoholic group, all participants met DSM-IV criteria for alcohol dependence; 8 were in early remission (met criteria within the past 12 months), and 2 were in sustained remission (>12 months). The median number of weeks since AUD patients last met dependence criteria was 10.5 weeks (mean ± SD 26.73 ± 33.14 weeks). The last time AUD participants had a drink varied from 2 weeks to 10 months before testing (mean±SD 97.9 ±95.5 days). The median age of AUD onset was 18 years (mean 21.1 years, range 13-33 years). In all, 80 % of AUD patients and no CTL met DSM-IV criteria for any type of drug abuse or dependence (Table 1 ). In no case was drug dependence more recent than alcohol dependence. Four AUD subjects reported use of over the counter drugs (1 pain nonnarcotic, 1 antidepressant, 1 antihypertensive, 1 cholesterol) and one AUD subject reported use of marijuana. The control group consisted of social drinkers and reported having the last drink, on average, 11 days (SD=18) before scanning, ranging from 1 to 47 days. For all participants, history of head injury was an exclusion criterion. Subject groups matched in age and did not differ in visual acuity and body mass index. The AUD had lower socioeconomic status (Hollingshead and Redlich 1958) than CTL (Table 1) . Before the fMRI experiment, AUD patients completed the Alcohol Craving Questionnaire (ACQ) (Love et al. 1998; Singleton et al. 1994 ) to measure alcohol craving at the time of the experiment. All participants gave written informed consent to participate in this study, which was approved by the Institutional Review Boards at SRI International and Stanford University School of Medicine.
Alcohol-emotion-picture fMRI task paradigm Subjects viewed pictures of faces and beverages while being scanned in the 3 T GE whole-body scanner. In the fMRI task paradigm, stimuli were presented in blocks of six pictures per condition. Conditions of interest were emotional faces, alcoholic beverages, and non-alcoholic beverages. Emotional face blocks contained pictures of happy, angry, or sad faces. Faces of adult men and women were selected from the MacBrain Face Stimulus Set (www.macbrain.org /resources.htm) and balanced in emotional face blocks. Beverage blocks contained pictures of alcoholic (e.g., wine, beer, whiskey) and non-alcoholic (e.g., juice, water, milk) drinks. Subjects were instructed to press a button every time they saw a picture. Each run consisted of six experimental blocks, each 33 s long. Three blocks of emotional faces (pictures of angry, sad, and happy faces) were pseudo-randomly mixed with two blocks of beverage pictures (alcoholic and non-alcoholic) and blocks of resting (fixation); the block order was counterbalanced across runs. Each run started with a short countdown and scanning of two 'dummy' brain volumes. Three runs were performed. Each picture was presented for 4 s at the center of the screen and parsed by inter-stimulus intervals of 500 ms. The interblock interval was 4 s and the block order was counterbalanced across runs. Stimuli were presented using an Apple Macintosh laptop with PsyScope stimulus delivery software (http://psy.cns.sissa.it/) using a back-projection system during the fMRI session, participants viewed stimuli via a mirror attached to the head coil. Prior to entering the scanner, participants were given a description of the task and a brief practice session.
Image acquisition Whole-brain structural and functional MRI data were acquired with an 8-channel head coil at a 3 T 
Group comparisons: t-tests, Chi-square. Standard deviation (SD), body mass index (BMI), lifetime alcohol consumption measured in kg (Lifetime alc.), Socioeconomic status (SES). a One AUD subject reported both nicotine and amphetamine abuse. b None of the participants smoked cigarettes for at least one hour before the scanning session GE whole body scanner. Subject motion was minimized by following best practices for head fixation, and structural image series were inspected for residual motion. Whole-brain fMRI data were acquired with a T2*-weighted gradient echo-planar pulse sequence (2D axial, TE=30 ms; TR=2200 ms; flip angle=90°; in plane resolution=3.75 mm; thick=5 mm; skip= 0 mm; locations=36; FOV=240 mm; 1 NEX). The start of the fMRI scan was triggered automatically from PsyScope software. Test instructions were reviewed with the subject by the examiner via the scanner intercom system before the onset of each run. A dual-echo FSE (2D axial; TR=5000 ms; TE=17/ 99 ms; thick=5 mm; skip=0 mm mm; xy matrix=256; flip angle=90°; locations=36; FOV=240 mm; 1 NEX) was used for spatially registering the fMRI data. A field map for correction of spatial distortions in the echo-planar images was generated from a gradient-recalled echo sequence pair (TR= 460 ms, TE=3/5 ms, thickness=5 mm, skip=0 mm, locations=36).
Image preprocessing and statistical analyses Image preprocessing and statistical analyses were performed using the SPM8 software package (Wellcome Department of Cognitive Neurology). The functional images were subjected to geometric distortion correction and motion correction. The FSE structural images were co-registered to the mean unwarped and motioncorrected functional image for each subject and segmented into gray and white matter images. Functional and structural gray matter images were normalized to Montreal Neurological Institute (MNI) space, and volumes were smoothed with a Gaussian kernel of 8 mm (FWHM). Individual statistics were computed using a general linear model approach (Friston et al. 1995) as implemented in SPM8. Statistical preprocessing consisted of high-pass filtering at 132 s, low-pass filtering through convolution with the canonical hemodynamic response function, and global scaling. A random effects analysis was conducted for group averaging and population inference. One image per contrast was computed for each subject from a design matrix that included estimated individual movement parameters as regressors in addition to Alcohol-Emotion Picture task conditions as explanatory variables.
For definition of network ROIs participating in the processing of alcoholic beverages and emotional faces, individual first level F-contrasts of interest were computed. To test for activation specificity to emotion and alcohol content of the identified network ROIs, MRI BOLD signal for each 'emotion network' ROI was extracted for each condition using MarsBaR (http://marsbar. sourceforge.net) and entered into repeated measures ANOVAs (SPSS 21) with emotion (happy, angry, sad) as within-subjects factor, and similarly for each 'alcohol network' ROI, extracted BOLD signal was entered into paired t-tests testing for alcoholspecificity (alcohol vs. non-alcohol). To explore regions specifically activated to alcohol beverage and facial emotion content, t-contrast analyses (SPM8) were performed comparing 'alcoholic vs. non-alcoholic beverages,' 'angry vs. happy faces,' 'sad vs. happy faces,' and 'angry vs. sad faces' and presented in Supplementary Table 1. For second-level group analyses we spatially restricted the analysis to an anatomically defined mesocorticolimbic mask including bilaterally the dorsolateral prefrontal cortex (DLPFC), anterior prefrontal cortex, inferior orbitofrontal gyrus (OFG), superior frontal gyrus (SFG), insula, hippocampus and parahippocampal gyrus, thalamus, pallidum, striatum, and fusiform gyrus, to focus our analysis on a circuitry known to be relevant to emotion and reward processing (Adolphs et al. 1996; Becerra et al. 2001; Müller-Oehring et al. 2013; Volkow and Li 2004) . To compare processing of alcohol-related pictures with that of emotional faces, first-level individual contrast images were subjected to a second-level factorial model with group (alcoholics vs. controls) as independent between-subject factor and condition (alcoholic beverages, happy faces, angry faces, sad faces) as dependent within-subject factor. The second-level factorial model allowed analysis of group and condition main effects and interactions. Group conjunction analyses were used to identify areas of spatial overlap between the statistical maps from the two groups (Friston et al. 1995; Nichols et al. 2005) . In addition, an independent sample model tested for group differences in the processing of alcoholic vs. non-alcoholic beverages using the individual t-contrast images from each subject for second level group analysis. Significant clusters of activation from the conjunction analysis and the group contrast analyses (see Tables 2, 5) were extracted using the MarsBar toolbox (http://marsbar.sourceforge.net/) and used for correlation analyses between regional activation and alcohol-related behavior (i.e., craving, length of sobriety) (Müller-Oehring et al. 2013) .
For functional network analysis, the Bconn^toolbox was used (Whitfield-Gabrieli and Nieto-Castanon 2012), and first level ROI-to-ROI connectivity maps were derived via individual time series correlations of activity over 244 time points. The ROIs for the brain network analysis were derived from the activation maps shown in Table 2 (facial emotion or alcohol pictures). For these network ROIs, graph theory analysis was employed to evaluate group differences in the efficiency and costs of each network node of the facial emotion and alcohol pictures processing networks. Each subject-specific ROI-to-ROI connectivity matrix is thresholded based on connectivity values. Suprathreshold connectivity values define an adjacency matrix characterizing a graph with nodes associated with ROIs, and edges associated with the strength of functional connectivity among these ROIs (Whitfield-Gabrieli and Nieto-Castanon 2012). For each node in a graph, cost is defined as the proportion of connected neighbors (Anteraper et al. 2013 ) and can be understood as network density or present connections to all possible connections within the network (Hosseini et al. 2012) . Global efficiency is defined as the average inverse shortest path distance from node to all other nodes in the graph (Whitfield-Gabrieli and Nieto-Castanon 2012) and can be understood as the centrality of a node within the graph (Anteraper et al. 2013) . For network-level estimations of global efficiency and cost, a fixed percentile cost threshold (top 15 % of ROI-to-ROI connectivity) was used to calculate a connectivity (adjacency) matrix within the network ROIs (Table 2) , followed by a threshold of p FDR-corr <0.05 (2-tailed) for secondlevel between-group comparisons of these graph theoretical measures following published procedures (Anteraper et al. 2013; Whitfield-Gabrieli and Nieto-Castanon 2012) .
Results
Group similarities in mesocorticolimbic processing
Emotional faces picture processing
A conjunction analysis examined overlap in the activation pattern to emotional faces processing (pooled over valences: angry, sad, happy) in alcoholics and controls.
Both groups activated the fusiform and inferior occipital gyri bilaterally, left hippocampus, left globus pallidus, left lingual gyrus, left insula, left parahippocampal gyrus, right middle occipital gyrus, right ventral posterolateral nucleus of the thalamus, right dorsal striatum (putamen and caudate), and right claustrum (p FWE-corrected <0.05) ( Table 2 ). Lower fusiform activity to emotional faces correlated moderately with longer sobriety in alcoholics (Rho=−.55, p=0.049).
Testing for emotion specificity of regional activations, repeated measures ANOVAs (SPSS 21) with activation to happy, angry, and sad faces as a within-subjects factor revealed significant activation differences to emotional content for all ROIs except for the left hippocampal and parahippocampal ROIs (Table 3) , both genuine limbic regions (Nakano 1998; Papez 1937 ). Yet, the left hippocampal and parahippocampal ROIs showed significantly more activation to emotional faces than to beverage pictures (alcohol and non-alcoholic beverages) (repeated measures ANOVAs with five conditions: for L. Hippocampus F (1,20) = 28.95, p < 0.0001; L. Parahippocampal gyrus F (1,20)=15.68, p<0.001).
Alcohol beverage picture processing
For alcoholic beverages, conjunction analysis showed that both groups activated left hippocampal, left pallidum, left inferior orbitofrontal gyrus, and right middle temporal gyrus extending towards middle occipital and fusiform gyri during alcohol picture processing (Tables 2, 3, 4). Fusiform activation was greater for emotional faces than Testing for alcohol specificity of regional activations (Table 4) revealed significantly more activation to alcohol than nonalcoholic-beverage pictures for right middle temporal-occipital and fusiform gyri, a trend for the left hippocampus. Pallidum and inferior orbitofrontal ROIs showed significant activation differences only when comparing alcohol beverage pictures to emotional faces (repeated measures ANOVAs with five conditions: for L. Pallidum F (1,20) =33.85, p<0.0001; L. Inferior OFG F (1,20)=7.05, p=0.015). In addition, t-contrast analyses using SPM8 further showed that occipito-temporal and frontal mesocorticolimbic regions were sensitive to alcohol content (alcohol vs. non-alcohol) p uncorrected <0.001) (Supplementary Table 1 ).
Group differences in mesocorticolimbic processing

Emotional faces picture processing
Group contrast analysis revealed less activation in alcoholics than controls in frontal and subcortical brain regions including the left dorsolateral PFC (middle and superior gyri), left claustrum and putamen, left anterior insula, right anterior medial and superior PFC, and right inferior orbitofrontal gyrus (peak threshold at p uncorrected <0.001) (Table 5 ). AUD patients further showed more brain activity than controls in occipito-temporal and premotor brain regions including in the right parahippocampal gyrus, right fusiform gyrus, right middle and superior temporal lobe, left premotor cortex, and left lingual and fusiform gyrus.
Alcohol beverage picture processing
Group contrast analysis revealed greater activation in the right inferior PFC extending towards the pars triangularis in alcoholics than controls (peak threshold at p uncorrected <0.001) ( Table 5 ). Specificity of alcohol beverage processing in alcoholism was tested with the t-contrast 'alcoholic vs. non-alcoholic beverages.' AUD patients activated the ACC less than controls when processing alcoholic beverages relative to non-alcohol beverages (Table 5) .
Mesocorticolimbic network connectivity analysis
We tested whether the groups showed different patterns of connectivity for the 'alcohol' and 'emotion' functional networks defined by the regions identified in the conjunction analyses of both groups (Table 2) . Graph theory analysis yielded measures of global efficiency and cost of a node within a network. For the 'emotion' network, the left hippocampus showed significantly lower global efficiency, i.e., less 'centrality' or long-range connectedness, in AUD than controls. A network-level analysis of cost revealed that connections of the left hippocampus were significantly weaker in AUD than controls, i.e., smaller proportion of the number of edges of left hippocampal connections relative to all possible connections within the network. In other words, the left hippocampus was less effectively connected during emotional face processing in AUD patients than in the controls. By contrast, graph analysis of the 'alcohol' network revealed higher global efficiency of the left pallidum node, but lower network efficiency of the inferior OFG node in AUD than CTL (Table 6 ) (for all analyses p<0.05, FDR-corrected for multiple comparisons). For inspection of global efficiency and cost for each network node and each group, see Supplementary  Table 2 .
Discussion
This functional neuroimaging study identified similarities and differences in the neural response to emotional faces and to alcohol beverage pictures in abstinent AUD compared with controls.
Similarities in activation patterns As hypothesized, AUD and controls engaged similar mesocorticolimbic nodes involving the fusiform area, left pallidum and hippocampal regions for both alcohol beverage pictures and emotional faces. These regions play a role in encoding facial emotion (Guyer et al. 2008; O'Daly et al. 2012 ) and also in alcohol cue processing (Dager et al. 2013) . AUD and controls also showed similar stimulus-specific patterns with fusiform-hippocampal activation for facial emotion and pallidal-frontal activation for alcohol pictures. Occipital recruitment may indicate that the sensory analysis of visual information is comparable between groups and that differences in response to facial emotion may arise at higher cognitive processing levels. Thus, at a perceptual stage, processing of salient stimuli relies on similar brain regions in AUD and controls. Furthermore, the overlap of regions in the neurofunctional circuits for emotion and reward supports the idea that alcohol-related stimuli have inherent emotional/motivational quality, particularly in chronic alcoholism (Müller-Oehring et al. 2013 ).
Differences in activation patterns
In addition to the extensive overlap in activation patterns we also found significant group differences in the activation to emotional and alcoholrelated stimuli. For alcohol beverage pictures, AUD activated the right inferior frontal gyrus (IFG) extending towards the pars triangularis more than controls. The IFG also plays a role in risk aversion (Christopoulos et al. 2009 ). Considering that the AUD patients in our study were abstinent, right IFG activation in response to viewing pictures of alcoholic beverages may be a et al. 2012 ). More activation during emotional face viewing in AUD than controls was observed in more posterior occipito-temporal regions encompassing mainly the right temporal lobe, bilateral fusiform areas, and in a small cluster in the premotor cortex. Within the AUD group, those with less fusiform activity had longer durations of sobriety, which might indicate normalization of brain response along recovery (see also Charlet et al. 2014) , considering that there was less fusiform response to facial emotion in controls than AUD. Together, these findings indicate that even during abstinence from alcohol, neural processing differences exist in AUD that are marked by enhanced sensitivity to processing reward (alcohol-related pictures) and attenuated neural sensitivity to emotional faces that is modulated by sobriety length.
Mesocorticolimbic networking in abstinent AUD Graph network analysis revealed decreased mesocorticolimbic network efficiency for processing emotional faces in AUD compared with controls indicative of less functional integration of the hippocampal node for saliency of social-emotional stimuli in alcoholism. Diminished hippocampal network efficiency in AUD during facial emotion viewing might relate to difficulties in linking memories to emotional material. It has been proposed that the hippocampus acts as a gate between emotion and cognition (Flagel et al. 2011) , across different modalities (Alba-Ferrara et al. 2011; Baumgartner et al. 2006; Marinkovic et al. 2009 ). Marinkovic et al. (2009) , for example, found weaker hippocampus activation in AUD patients compared to CTL when judging facial emotion, together with poorer performance in this task. Our data did not reveal less hippocampus activity in AUD per se, but a reduced number of hippocampal connections to its neighbors during facial emotion viewing. Thus, although the metabolic response within the hippocampus does not differ between groups (Table 5) , the hippocampus was inefficiently integrated within the neural 'facial emotion' network in AUD. This finding adds to our understanding of the neurofunctional network mechanisms of face perception given the often-observed difficulties of chronic alcoholics in processing facial emotion, even during abstinence (Frigerio et al. 2002; e.g., Oscar-Berman et al. 1990; Philippot et al. 1999; e.g., Townshend and Duka 2003) . For alcohol-cue processing, we had predicted increased mesocorticolimbic network efficiency in AUD due to the anticipated hedonic effects of alcohol consumption in chronic alcoholism. Indeed, in AUD relative to CTL, the left pallidum was more stongly connected (global efficiency) and had an increased number of left pallidal connections to its neighbors (increased nodal costs at the network level) (Anteraper et al. 2013 ) during alcoholic beverage viewing. Although the pallidum was not specifically sensitive to alcohol picture content (Table 4) , it is an integral part of the reward network (Haber 2011) . Also, pallidal activation correlated with longer sobriety and with craving. The ventral pallidum plays a causal role in Bwanting^and Bliking^(e.g., Castro and Berridge 2014) . For example, structural lesions as well as neurodisruptive stimulation of this node can cause cessation of alcohol and drug seeking and intake behaviors in dependent patients (for a review see Smith et al. 2009 ). In a meta-analysis including ten functional neuroimaging studies on alcohol-cue exposure, the pallidum was identified as one of the core brain regions reliably linked to craving (Kuhn and Gallinat 2011) . Thus, our finding of increased pallidal activity in relation to more craving is consistent with the literature. In abstinent alcoholics, such a relationship may mark an enhanced neural sensitivity to processing reward in the first year of drinking cessation and add to relapse risk. This finding is in agreement with the Bdeprivation-amplification^theory by which after intense psychotropic substances consumption there is enhanced sensitivity in the brain reward circuitry (Blum et al. Table 2 ), i.e., the group difference for the average inverse shortest-path distance between the left pallidum and all other nodes in the network (global efficiency or 'centrality' of a node) was the same than for the proportion of nodes that are connected to left pallidum (cost of a node) (Anteraper et al. 2013) 2009). Following this idea, the decreasing exposure to alcohol and avoidance of alcohol-related stimuli in our abstinent AUD might relate to an escalation in network excitability resulting in a rising sensitivity to alcohol cues. Neural sensitization, which represents an enduring neuroplastic change in the reward centers of the brain to maintain the enhanced behavior, occurs in alcohol addiction (Berridge and Robinson 1998; Hyman et al. 2006; Vanderschuren and Pierce 2010) . Our data suggest that the pallidum node partakes in the sensitization of the 'alcohol cue' evoked mesolimbic network during abstinence, i.e., when the gradual disappearance of tolerance unmasks sensitization of neural circuits mediating incentive salience with potential implication for relapse risk (e.g., Vanderschuren and Pierce 2010) . Within this alcohol-cue exposure network, AUD further showed decreased left OFC global efficiency, i.e., longrange connectivity, compared with CTL. Here, lower OFC activation was related to longer sobriety. Both the pallidum and the OFC are nodes in the mesocorticolimbic reward network, but appear to have different roles for the processing of alcohol cues in abstinent AUD. Whilst the pallidum has a role in facilitating/inhibiting an action leading to a reward (Tachibana and Hikosaka 2012) , the OFC seems to integrate multiple sources of information regarding the reward outcome, and to calculate how rewarding is a reward (Gallagher et al. 1999; Wallis 2007 ) for decision-making (e.g., Dom et al. 2005; Kim et al. 2006; Tanabe et al. 2009 ). Along recovery, alcohol cues may trigger the OFC response to a lesser extent potentially reflecting changes in reward evaluation; yet, as the pallidum node is strongly connected within the reward network when processing alcohol cues, abstinent AUD patients might act on it and make disadvantageous decisions. Increased pallidal and decreased OFC nodal efficiency may signify mesocorticoclimbic network sensitization to alcohol cue exposure as part of the neuroadaptation process that occurs during early abstinence.
The present study has limitations. The sample size was small limiting the statistical power to detect all neural nodes potentially involved in processing of the experimental task conditions. Importantly, we presented FDR-corrected statistics to minimize possible type I errors. Another limitation is that although the preferred drug and most recent use was alcohol in the AUD sample, patients had also used other substances in the past (i.e., cocaine, marijuana, tobacco). It is possible that our finding on group differences in the mesocorticolimbic network response to emotion and alcohol cues are not entirely specific to alcohol addiction and applies to other addictive substances as well. Alcoholism today often occurs in concert with other addictions. Based on our previous findings that smoking can attenuate task-independent functional network connectivity (Müller-Oehring et al. 2014) weaker interregional connectivity strength in AUD than controls may be partially attributable to differences in smoking status between groups, thereby having the potential of curtailing brain functional reserve capability. As a crosssectional study, our interpretations of brain activation patterns and strength with length of sobriety require verification with longitudinal testing.
In summary, this study revealed similarities and differences in abstinent AUD and controls in the mesocorticolimbic system response to encoding reward and motivation signals for social and hedonic stimuli. The neurofunctional abnormalities in AUD were marked lower occipito-temporal sensitivity to emotional faces and enhanced striatal sensitivity to alcohol stimuli. Considering the role of the striatum in encoding reward, its activation enhancement with longer sobriety may reflect adaptive neural changes in the first year of drinking cessation. Neural sensitization of the mesocorticolimbic system during abstinence for encoding emotional salience and reward may potentially affect executive control ability and relapse propensity.
